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We provide predictions for the rapidity distributions of exclusive photoproduced J/ψ and Υ
mesons, and Z0 bosons, at the Tevatron and LHC. We use the equivalent-photon approximation
with the photon–proton cross sections given by the impact parameter dependent dipole saturation
model, which has already been shown to give a good description of a wide variety of HERA data.
We derive the quark–antiquark light-cone wave functions of timelike neutral electroweak bosons. An
essential difference is pointed out between the amplitude for timelike heavy boson photoproduction
and the amplitude for deeply virtual Compton scattering.
I. INTRODUCTION
Exclusive diffractive vector meson production, γ(∗)p → V + p, and deeply virtual Compton scattering (DVCS),
γ∗p→ γ+ p, have been extensively studied at HERA. These processes provide a valuable probe of the generalised (or
skewed) gluon density at small values of the proton’s momentum fraction x [1]. Possible future measurements of the
exclusive production of heavy vector mesons and Z0 bosons in pp¯ collisions at the Tevatron and pp collisions at the
LHC should extend and complement the existing measurements from HERA in terms of both the energy span and the
precision. In particular, by the measurement of exclusive Υ or J/ψ production at the LHC through the detection of
two rapidity gaps with the lepton pair from the meson decay identified in the central ATLAS or CMS detectors, one
could probe the gluon density down to x ∼ 10−4 for Υ or x ∼ 10−5 for J/ψ. Even smaller values of x may be probed
through more forward production at ALICE or LHCb. Moreover, the event rates at the LHC are expected to be
much higher than at HERA. Exclusive Z0 production at the LHC has two main merits: the process is perturbatively
calculable with relatively small uncertainties and the experimental signature is very clean. Therefore it provides an
interesting probe of the interplay between strong and electroweak interactions in the diffractive channel.
The estimates of this paper are based on the equivalent-photon approximation combined with a dipole model used
to compute the diffractive scattering of a quasireal photon on the proton. In the presence of a hard scale, such as the
heavy quark (or Z0) mass, the impact parameter dependent dipole saturation (“b-Sat”) model [2, 3] incorporates the
impact factor for the photon to heavy meson (or Z0) transition in accordance with leading-order (LO) k⊥-factorisation,
together with LO DGLAP evolution of the gluon density. The input gluon density was fitted to HERA data on the
inclusive proton structure function F2. The model has been found to reproduce the main features of the HERA data
for exclusive diffractive J/ψ, φ and ρ production, and also for DVCS, as a function of the photon virtuality, Q2, the
photon–proton centre-of-mass energy, W , and the squared momentum transfer at the proton vertex, t [2, 3, 4]. Thus,
in this paper we will use the b-Sat model to make predictions for the processes h1h2 → h1+E+ h2 (E = J/ψ,Υ, Z0)
at the Tevatron and LHC, where the reaction proceeds via photon–Pomeron fusion; see Fig. 1. The quasireal photon
can be emitted from either of the two incoming hadrons hi.
In Sec. II we recall the main formulae of the b-Sat model and in Sec. III we describe the wave functions used in
the calculation. We present the photon–proton cross sections in Sec. IV and the hadron–hadron cross sections in
Sec. V. Finally, we compare our results with some other recent calculations in Sec. VI and conclude in Sec. VII. In
the appendix we derive the light-cone wave functions for a timelike virtual photon or Z0 boson.
II. IMPACT PARAMETER DEPENDENT DIPOLE SATURATION MODEL
In this section we recall the main formulae involved in the application of the b-Sat model [2, 3] to the description
of exclusive diffractive photoproduction. The differential cross section for the exclusive process γp→ E + p is
dσγp→E+pT
dt
=
1
16π
∣∣∣Aγp→E+pT ∣∣∣2 , (1)
where the scattering amplitude
Aγp→E+pT (x,∆) = i
∫
d2r
∫ 1
0
dz
4π
∫
d2b (Ψ∗EΨγ)T e
−i[b−(1−z)r]·∆ dσqq¯
d2b
√
(1 + β2). (2)
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FIG. 1: Exclusive photoproduction of vector mesons (J/ψ,Υ) or Z0 bosons in hadron–hadron interactions. The diagram where
the photon and the Pomeron are interchanged must also be included. The variables in parentheses are the corresponding
four-momenta.
Here, z is the fraction of the photon’s light-cone momentum carried by the quark, r = |r| is the transverse size of
the qq¯ dipole, while b is the impact parameter, that is, b is the transverse distance from the centre of the proton to
the centre of mass of the qq¯ dipole; see Fig. 1. The transverse momentum lost by the outgoing proton, ∆, is the
Fourier conjugate variable to the impact parameter b, and t = −∆2. We assume s-channel helicity conservation in
the γ → E transition. We assume that the photon virtuality Q2 ≪ M2E , then the contribution from longitudinally
polarised photons may be neglected. The factor exp[i(1−z)r ·∆] in (2) originates from the nonforward wave functions
[5]. The factor
√
(1 + β2) in (2) is a correction to account for the imaginary part of the S-matrix element for the
dipole–proton scattering, and is calculated using
β = tan
(
πλ
2
)
, with λ =
∂ ln
(
dσqq¯/d
2b
)
∂ ln(1/x)
. (3)
The impact parameter dependent differential dipole cross section for the qq¯ pair to scatter elastically off the proton
is [3]
dσqq¯
d2b
= 2
[
1− exp
(
− π
2
2Nc
r2αS(µ
2)Rg xg(x, µ
2)T (b)
)]
. (4)
Here, the scale µ2 is related to the dipole size r by µ2 = 4/r2 + µ20. The gluon density, xg(x, µ
2), is evolved from
a scale µ20 up to µ
2 using LO DGLAP evolution without quarks. The factor Rg in (4) accounts for the skewedness
effect, that is, x 6= x′ in Fig. 1, and is calculated using [6]
Rg(λs) =
22λs+3√
π
Γ(λs + 5/2)
Γ(λs + 4)
, with λs =
∂ ln
[
xg(x, µ2)
]
∂ ln(1/x)
. (5)
The definitions of λ and λs given by (3) and (5), respectively, are formally equivalent in the colour transparency limit
(r → 0), and are numerically very similar for the observables computed in this paper.1 The initial gluon density at
the scale µ20 is taken in the form
xg(x, µ20) = Ag x
−λg (1− x)5.6. (6)
The values of the parameters µ20, Ag, and λg were determined from a fit to HERA F2 data [3]. The dipole cross
section is evaluated at x =M2E/W
2 for E = J/ψ,Υ, Z0. The proton shape function T (b) takes a Gaussian form, that
1 Note that the definition of λ given by (3) differs from that used in Ref. [3], where λ was calculated as the logarithmic derivative of the
γp amplitude rather than the dipole cross section. The definition of λ in (3) is more convenient for the case of Z0 photoproduction
where there are both real and imaginary parts to the γ → Z0 impact factor.
3Meson MV /GeV fV /GeV mf/GeV NT NL R2/GeV−2 fV,T /GeV
J/ψ 3.097 0.274 1.4 0.578 0.575 2.3 0.307
Υ(1S) 9.460 0.236 4.5 0.469 0.469 0.55 0.252
Υ(1S) 9.460 0.236 4.2 0.481 0.480 0.57 0.238
TABLE I: Parameters of the “boosted Gaussian” vector meson wave functions; see Ref. [3] for their definitions. For Υ the
parameters are given for two different values of the bottom quark mass mb.
is,
T (b) =
1
2πBG
e
− b
2
2BG , (7)
where BG = 4 GeV
−2 is determined by the comparison to data for the t dependence of exclusive J/ψ photoproduction
at HERA [3]. Note that although the b-Sat model incorporates saturation effects via the eikonalisation of the gluon
density in (4), these saturation effects are expected to be only moderate for J/ψ production and negligible for Υ and
Z0 production, since the scattering amplitudes are dominated by increasingly small dipole sizes with increasing mass
of the produced particle.
III. PHOTON, MESON AND Z0 WAVE FUNCTIONS
The forward overlap function between the transversely polarised photon and vector meson wave functions in (2),
(Ψ∗VΨγ)T , is given in Ref. [3]. We use the “boosted Gaussian” vector meson wave functions [7, 8, 9], which were
found to give the best description of HERA data [3]. The parameters for the J/ψ and Υ wave functions are given in
Table I.
For Z0 production, the amplitude (2) involves a sum over quark flavours f = u, d, s, c, b. The wave functions for an
incoming Z0 with spacelike virtuality q2 = −Q2 < 0 are known from the application of the colour dipole picture to
charged-current deep-inelastic scattering [10, 11]. The wave functions for an outgoing Z0 with timelike q2 =M2Z > 0
are derived in the appendix. The transversely polarised overlap function between the (quasireal) photon wave function
and the Z0 wave function for quark flavour f is given by
(Ψ∗Z0Ψγ)
f
T =
2Nc αem
π
ef g
f
v
sin 2θW
{[
z2 + (1− z)2]mfK1(mfr)ε˜ZK1(ε˜Zr) + m2fK0(mfr)K0(ε˜Zr)} . (8)
Here, the vector couplings are gu,cv = 1/2 − 4/3 sin2 θW and gd,s,bv = −1/2 + 2/3 sin2 θW where θW is the Weinberg
angle, and
ε˜Z =


√
m2f −M2Z z(1− z) : m2f −M2Z z(1− z) > 0
−i
√
M2Z z(1− z)−m2f : M2Z z(1− z)−m2f > 0
. (9)
The default quark masses are taken to be mu,d,s = 0.14 GeV, mc = 1.4 GeV and mb = 4.5 GeV. We use a fixed
value of αem = 1/137 for the numerical results presented in this paper, although it may be more appropriate to use a
running αem(M
2
Z) ≃ 1/128, in which case the Z0 cross sections would increase by 15%.
The quasireal photon–proton cross section for Z0 production at a centre-of-mass energy W is therefore identical to
the cross section for timelike Compton scattering, γp → γ∗p, at a produced photon virtuality q2 = M2Z , apart from
the replacement of the coupling in the amplitude:
e ef −→ e g
f
v
sin 2θW
. (10)
Note that the timelike Compton scattering process, γp → γ∗p, has so far only been studied at LO in the collinear
factorisation framework in terms of the generalised quark distribution [12]. The timelike Compton scattering process
at the LHC will be sensitive to the generalised gluon distribution [13], and this process is calculable within the dipole
picture using the wave functions for a timelike virtual photon given in the appendix.
When evaluating the modified Bessel functions of an imaginary argument it is convenient to use the following
relations of Bessel functions, valid for a real variable x > 0:
K0(−ix) = −π
2
[Y0(x) − iJ0(x) ], K1(−ix) = −π
2
[ J1(x) + iY1(x) ]. (11)
4ri R
R →∞
0
C
FIG. 2: Choice of integration contour C to evaluate the amplitude for γp→ Z0 + p when |ε˜Z | > mf .
Note that the wave function of the timelike vector boson essentially differs from the wave function of the virtual
spacelike boson. The origin of this difference is kinematic: this point is explained in detail in the appendix. As a
consequence, the Z0 photoproduction amplitude does not equal the electroweak DVCS amplitude at Q2 = M2Z . In
particular, one sees that the overlap function, given by (8), picks up an imaginary part related to the contribution of
an on-shell quark–antiquark pair at the Z0 vertex.
On substituting the overlap function (8) into the amplitude (2), one finds that the integrand is wildly oscillatory as
a function of r if |ε˜Z | ≫ mf , meaning that direct numerical integration over r is difficult. This problem can be solved
by taking the analytic continuation to complex r. By observing that the integrand is much better behaved under the
replacement r → ir one can choose the integration contour shown in Fig. 2. If there are no poles inside the contour
C, then application of the residue theorem gives
0 =
∮
C
dr f(r) =
∫ R
0
dr f(r) +
∫ pi/2
0
dθ iReiθf(Reiθ) +
∫ 0
iR
d(ir) f(ir). (12)
Taking the limit R→∞ gives the result that∫ ∞
0
dr f(r) =
∫ ∞
0
dr if(ir). (13)
We use this technique to evaluate the integral over r for the case of |ε˜Z | > mf . (If |ε˜Z | < mf , the integral over r can
be done in the usual way. Note that there is an integrable singularity at ε˜Z = 0.) This technique requires an analytic
form of the dipole cross section as a function of r. This can be obtained by fitting the quantity
1
r2
∫
d2b e−ib·∆
dσqq¯
d2b
√
(1 + β2), (14)
for fixed values of x and ∆, to a polynomial of degree 15 in log10(r) for r ∈ [10−4, 102] GeV−1. (Too few terms in the
polynomial will mean that the form of the dipole cross section is not well reproduced, while too many terms will mean
that numerical rounding errors become sizeable when r → ir is taken due to partial cancellation between the different
terms.) The application of equation (13) for a fixed z = 0.5 is illustrated in Fig. 3. It is seen that the integrand is
much better behaved under r → ir such that numerical integration over r is then straightforward.
IV. PHOTON–PROTON CROSS SECTIONS
In Figs. 4, 5 and 6 we show the γp cross sections calculated using (1), integrated over |t| < 1 GeV2, for W up to
the maximum value of
√
s = 14 TeV theoretically accessible at the LHC. We indicate the values of the photon–proton
centre-of-mass energy W probed by central production at the Tevatron and LHC. The predictions are compared to
the available HERA data for exclusive J/ψ [14, 15] and Υ [16, 17, 18] photoproduction. For J/ψ production there is
good agreement of the predictions with the data, as already observed in Ref. [3], but to obtain optimum agreement
with the HERA data for the purposes of providing predictions for the Tevatron and LHC we scale the predictions for
the γp cross section by an overall normalisation factor of 1.08.
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FIG. 3: Application of contour integration (13) to evaluate the imaginary part of the down quark contribution to the amplitude
for γp→ Z0 + p for a fixed z = 0.5 with ∆ = 0 and x =MZ/√s corresponding to central production at the LHC.
For Υ production, however, the predictions lie roughly a factor 2–3 below the data points for our default choice
of bottom quark mass mb = 4.5 GeV; see Fig. 5. The corrections for skewedness and the real part of the amplitude
are large, at about a factor 2–3 for Υ, but these are already included in the “b-Sat” predictions. The Υ predictions
are found to be sensitive to the assumed value of the bottom quark mass, as seen by the alternative predictions
shown in Fig. 5 with mb = 4.2 GeV corresponding to the running MS mass, mb(mb) [19]. Even with this low mass
value, however, the theory curves lie significantly below the data. Such discrepancy of theory predictions and the
HERA Υ data is typically found in models that use LO accuracy and an explicit meson wave function, constrained
by the leptonic decay width; see, for example, Ref. [20]. The successful Martin–Ryskin–Teubner (MRT) description
of HERA Υ data obtained in Ref. [21], although similar in spirit, is distinct from our approach: the bb¯→ Υ transition
is modelled by MRT using either the meson distribution amplitude or the parton–hadron duality hypothesis; see also
Ref. [22]. From the discrepancy between the MRT results and those from our approach, one may conclude that the
Υ cross section is strongly sensitive to the choice of the Υ wave function. Indeed, it was demonstrated [20] that
alternative wave functions to the “boosted Gaussian” used here give a large spread in the predictions. In addition, in
our analysis we do not account for the higher-order QCD corrections to the impact factor, which can be quite large
[23, 24]. All these effects, however, are expected to mainly alter the overall normalisation, but not the W dependence
which is given by the gluon density or dipole cross section. Therefore, rather than confront these issues, we simply
rescale the b-Sat model predictions with mb = 4.5 GeV by a factor 2.96 to provide optimum agreement with the
available HERA data. The rescaled prediction is also shown in Fig. 5.
As well as the b-Sat model predictions, we will also show the results of simply fitting the HERA J/ψ and Υ data
to the powerlike form σ(γp → V + p) ∝ W δ, which gives σ(γp → J/ψ + p) = (3.0 nb)(W/W0)0.72 and σ(γp →
Υ + p) = (0.12 pb)(W/W0)
1.6 with W0 = 1 GeV, shown by the dot-dashed curves in Figs. 4 and 5. It is clear that
any extrapolation based on the four imprecise Υ data points will have a large uncertainty. In particular, note that
the value of W probed at central rapidity at the LHC is outside the HERA kinematic range. Note also that these fits
are to more precise HERA data than were available in Ref. [25].
To investigate the numerical impact of the timelike kinematics on the cross section for Z0 we also calculated the
cross section with (incorrect) spacelike kinematics, that is, with M2Z → −M2Z in (9), then the amplitude is the same
as that for DVCS at a scale Q2 = M2Z apart from the different coupling. The magnitude of the imaginary part of
the amplitude is very similar in both the timelike and spacelike cases: in the timelike case for central production it is
0.5% smaller at the Tevatron and 2.8% larger at the LHC compared to the spacelike case. However, there is also a
significant real part of the amplitude in the timelike case which is 24% (Tevatron) and 38% (LHC) of the imaginary
part. The cross sections at y = 0 are therefore enhanced by 5% at the Tevatron and 21% at the LHC in the timelike
case compared to the spacelike case.
For the convenience of possible future studies, we provide a simple parameterisation of the b-Sat model predictions
for the γp cross sections shown in Figs. 4, 5 and 6 corresponding to central production at the Tevatron and LHC.
In Table II we give the values of W = W0 at y = 0, the power δ = ∂ lnσ
γp/∂ lnW |W=W0 characterising the W
dependence, and the t-slope parameter BD obtained by fitting dσ
γp/dt ∝ exp(−BD|t|) for |t| < 1 GeV2. A reasonable
approximation of the W and t dependence of the γp cross section in the vicinity of W0 may therefore be obtained
from
dσγp
dt
= σγp(W0)
(
W
W0
)δ
BD exp(−BD|t|). (15)
A comment on the uncertainty of this parameterisation is in order. For J/ψ production, the accuracy of the HERA
data and the agreement between these data and the b-Sat model suggests that the uncertainty of the theory predictions
for the γp→ J/ψ+ p cross section is O(10%). At this level of accuracy, one should explicitly impose the rescattering
6W  (GeV)
10 210 310 410
 
 
(n
b)
σ
210
310
 + pψ J/→ p γ
Tevatron
y = 0 at
at LHC
y = 0
H1
ZEUS
δ
 W∝p) γ(σFit 
 1.08×b-Sat 
FIG. 4: W dependence of the γp cross section for exclusive photoproduction of J/ψ mesons. The “b-Sat” model predictions
are rescaled by a factor 1.08 to give optimum agreement with the HERA data [14, 15]. Also shown is a direct fit to the HERA
data of the form σ(γp) ∝W δ. The values of W corresponding to central production at the Tevatron and LHC are indicated.
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FIG. 5: W dependence of the γp cross section for exclusive photoproduction of Υ mesons. The “b-Sat” model predictions with
mb = 4.5 GeV are rescaled by a factor 2.96 to give optimum agreement with the HERA data [16, 17, 18]. Also shown is a
direct fit to the HERA data of the form σ(γp) ∝ W δ. The values of W corresponding to central production at the Tevatron
and LHC are indicated.
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FIG. 6: W dependence of the γp cross section for exclusive photoproduction of Z0 bosons in the (correct) timelike case and
the (incorrect) spacelike case. The values of W corresponding to central production at the Tevatron and LHC are indicated.
9J/ψ, y = 0 W0 (GeV) σ
γp(W0) (nb) δ BD (GeV
−2)
Tevatron 78 68 0.80 4.66
LHC 208 142 0.71 4.72
Υ(1S), y = 0 W0 (GeV) σ
γp(W0) (pb) δ BD (GeV
−2)
Tevatron 136 360 1.39 4.12
LHC 364 1233 1.16 4.15
Z0, y = 0 W0 (GeV) σ
γp(W0) (fb) δ BD (GeV
−2)
Tevatron 423 4.2 3.03 4.25
LHC 1130 37 1.73 4.17
TABLE II: Values of the “b-Sat” model predictions for the γp cross section corresponding to central production at the Tevatron
and LHC. The J/ψ and Υ predictions have been scaled by factors 1.08 and 2.96, respectively, in order to give the best agreement
with the existing HERA data; see Figs. 4 and 5. A reasonable approximation of the W and t dependence in the vicinity of W0
may be obtained from dσγp/dt = σγp(W0) (W/W0)
δ BD exp(−BD|t|).
correction of ∼ 0.7–0.9 when applying the parameterisation (15) to hadron–hadron collisions; see the later discussion
in Sec. VI. For Υ production, the large experimental errors on the HERA data points and the spread between
the various theory predictions suggests that the normalisation uncertainty factor is about 2–3; however, the energy
dependence is expected to be accurately predicted. The estimate for Z0 production is theoretically cleanest: here we
expect the relative uncertainty on the predictions to come mostly from higher-order QCD corrections, so to be O(αS),
bearing in mind, however, that the numerical prefactor of αS in the next-to-leading-order correction may easily be
greater than one.
V. RAPIDITY DISTRIBUTIONS AT THE TEVATRON AND LHC
To obtain the hadron–hadron cross sections from the photon–proton cross sections, we need to multiply by the
photon flux dn/dk and integrate over the photon energy k [25]:
σ(h1h2 → h1 + E + h2) = 2
∫ ∞
0
dk
dn
dk
σ(γp→ E + p). (16)
The initial factor of 2 in (16) accounts for the interchange of the photon emitter and the target. We neglect the
absorptive corrections due to spectator interactions between the two hadrons and will comment on the effects of these
in Sec. VI. The possible interference between photon–Pomeron and Pomeron–photon fusion has a large effect only
for very small meson transverse momenta [26] and may be safely neglected in our analysis; see also Ref. [27].
The four-momentum of the exchanged photon in Fig. 1 is q = (k, q⊥, k/βL), where k and q⊥ are the energy
and transverse momentum of the quasireal photon in a given frame, where the projectile moves with velocity βL [28].
Therefore, the photon virtuality is q2 = −Q2 = −k2/(γ2L β2L)−q2⊥, where γL = (1−β2L)−1/2 =
√
s/(2mp) is the Lorentz
factor of a single beam. The photon energy spectrum is given by a modified equivalent-photon (Weizsa¨cker–Williams)
approximation [25, 29]:
dn
dk
=
αem
2πk
[
1 +
(
1− 2k√
s
)2](
lnA− 11
6
+
3
A
− 3
2A2
+
1
3A2
)
, (17)
where A = 1 + (0.71GeV2)/Q2min and Q
2
min ≃ k2/γ2L. This result (17) has been obtained by integrating over the
product of the photon propagator, 1/Q2, and the squared electromagnetic form factor of the proton, F 2(Q2) =
(1+Q2/(0.71GeV2))−4 [29]. We neglect the virtuality Q2 of the quasireal photon wherever possible in the calculation
of the γp subprocess. The square of the γp centre-of-mass energy, W 2 ≃ 2k√s, where √s is the hadron–hadron
centre-of-mass energy. The produced state with mass ME has rapidity y ≃ ln(2k/ME), so (16) can be rewritten as
[25]
dσ
dy
(h1h2 → h1 + E + h2) = kdn
dk
σ(γp→ E + p) + (y → −y), (18)
10
J/ψ dσ/dy|y=0 (nb) σ (nb) Event rate (s−1)
Tevatron 3.4 28 0.33
LHC 9.8 120 71
Υ(1S) dσ/dy|y=0 (pb) σ (pb) Event rate (hr−1)
Tevatron 14 115 2.0
LHC 72 1060 946
Z0 dσ/dy|y=0 (fb) σ (fb) Event rate (yr−1)
Tevatron 0.077 0.30 0.065
LHC 1.4 13 135
TABLE III: “b-Sat” model predictions for J/ψ, Υ and Z0 photoproduction at the Tevatron Run II (
√
s = 1.96 TeV) and the
LHC (
√
s = 14 TeV) using the equivalent-photon approximation. The J/ψ and Υ predictions have been scaled by factors
1.08 and 2.96, respectively, in order to give the best agreement with the existing HERA data; see Figs. 4 and 5. The cross
sections must additionally be multiplied by the appropriate leptonic branching ratio for the decay E → l+l−. These factors
have been included when calculating the event rates, which assume a luminosity L = 2 × 1032 cm−2 s−1 at the Tevatron and
L = 1034 cm−2 s−1 at the LHC. No gap survival factor has been applied to these predictions.
where the photon energy k ≃ (ME/2) exp(y). Neglecting interference, the contribution from the interchange of the
photon emitter and the target can be obtained by replacing y → −y.
In Table III, we give the hadron–hadron cross sections at central rapidity for the Tevatron and LHC, the total cross
sections integrated over rapidity, and the total event rates including the appropriate leptonic branching ratios and
assuming the Tevatron and LHC design luminosities. The cross sections for Z0 production are comparable with the
cross section predictions for exclusive diffractive Higgs (MH = 120 GeV) production of 0.2 fb (Tevatron) and 3 fb
(LHC) [30].
In Figs. 7, 8 and 9 we show the rapidity distributions calculated using (18). Note the sensitivity of the Υ rapidity
distribution at the LHC in Fig. 8 to the W dependence of the γp cross section: both the W δ parameterisation and
the rescaled b-Sat predictions describe the existing HERA data well, but give very different rapidity distributions.
Indeed, measurements of this distribution will provide an important constraint on the generalised gluon density [31].
For a given rapidity y, there are contributions from proton momentum fraction x = (ME/
√
s) exp(±y). At central
rapidity, the x values probed at the LHC (Tevatron) are 2× 10−4 (2× 10−3) for J/ψ, 7× 10−4 (5× 10−3) for Υ, and
7 × 10−3 (5 × 10−2) for Z0. Therefore, apart from Z0 production at the Tevatron, the x values sampled for central
rapidity are safely in the region 10−4 . x . 10−2 where the dipole cross section (4) was fitted to HERA F2 data.
However, moving further away from central rapidity, the dipole cross section must not only incorporate the correct
dynamics at very small x, but also give sensible behaviour as x→ 1. As noted in Ref. [25], the simple parameterisation
σ(γp) ∝ W δ gives rise to a discontinuity at threshold; see the dot-dashed curves in Figs. 7 and 8. The b-Sat model
is well behaved for large x, due to the damping factor (1 − x)5.6 in the input gluon distribution (6). Note, however,
that this form of the input leads to a very strong x variation of the gluon density as x→ 1. Obviously, this variation
is not related to the evolution of the gluon density in the small-x limit. Therefore, in calculating the skewing and
real part corrections, we divide by a factor (1− x)5.6 when calculating the value of λ in (3) and (5) to approximately
cancel the corresponding factor in the input gluon distribution (6); we set λ = 0 if the value obtained lies outside the
interval between 0 and 1.
VI. DISCUSSION
A similar approach to that used in this paper, that is, using the equivalent-photon approximation with the photon–
proton cross sections given by the dipole model, has been applied in Ref. [32] to calculate exclusive J/ψ and Υ
photoproduction at the LHC. In that case, the impact parameter dependent version [3] of the colour glass condensate
(CGC) model [33] was used for the dipole cross section. This “b-CGC” model has now been updated and discussed
further [4]. It is less successful than the “b-Sat” model in describing observables sensitive to relatively small dipole
sizes, such as F2 at high Q
2 and J/ψ photoproduction at HERA, hence we do not use it in this paper. The b-CGC
model gives a less steepW dependence than the b-Sat model, particularly for Υ, and we find that we cannot reproduce
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the results of Ref. [32].2 Recently, an analysis of exclusive Υ photoproduction at hadron colliders has been performed
within the k⊥-factorisation framework in momentum space [20]. We find good agreement between our results and
those of Ref. [20] for the γp→ Υ+ p cross section under similar model assumptions.
Early calculations of exclusive Z0 photoproduction were made in Refs. [35, 36]. More recently, a paper has appeared
[37] taking a similar approach as in the present paper. The total cross sections in Ref. [37] are about a factor 5 larger
than those presented here: such a large difference seems rather hard to explain by different model assumptions.3 In
that paper, another variant of the CGC model [33] with a t-dependent saturation scale [39] was used. This model (and
also the b-CGC model) are not well behaved for large x: the scattering amplitude does not vanish for x→ 1, and also
the effective anomalous dimension γeff = ∂ lnσqq¯/∂ ln r
2 blows up in this limit. Hence it was necessary in Ref. [37]
to introduce a phenomenological correction factor, (1 − x¯)5, where x¯ = (MZ + mp)2/W 2. Note that Ref. [37] did
not include the correct timelike kinematics, but rather used the incorrect spacelike formula. However, the numerical
impact of this mistake is only about 20% at the LHC, as shown in Fig. 9.
Exclusive production of J/ψ and Υ mesons via photon–Pomeron fusion was calculated within the k⊥-factorisation
framework in Ref. [40] as a background to odderon–Pomeron fusion. However, the main goal of Ref. [40] was to
provide an estimate of the odderon contribution to exclusive diffractive vector meson hadroproduction, and not to
provide precise predictions for the photon-mediated process. The estimates of the photon contribution were made
there in order to monitor the impact of model assumptions in a relatively well-known situation. The “odderon to
photon” ratio for exclusive Z0 production is expected to be strongly suppressed relative to the cases of exclusive J/ψ
or Υ production due to the smaller value of the strong coupling αS(M
2
Z) compared to αS(m
2
c) or αS(m
2
b), and also
due to a stronger Sudakov suppression for glueproduced Z0 bosons because of the larger hard scale.
It should be noted that absorptive corrections are expected to dramatically alter the ti distributions, where ti ≡
(Pi − P ′i )2, although this effect is washed out to a large extent in the ti-integrated cross sections. Indeed, it was
proposed in Ref. [41] that the measurement of exclusive photon-exchange processes would provide a detailed probe
of the rapidity gap survival probability. It was estimated in Refs. [20, 27] that absorptive corrections reduce the ti-
integrated rapidity distributions by a factor ∼ 0.7–0.9. Unfortunately, the inclusion of absorptive corrections requires
knowledge of the transverse momenta of the outgoing protons, or equivalently the photon virtuality. However, this is
already integrated over in the photon flux of (17). Therefore, it is not possible to include absorptive corrections, or
to present more detailed distributions involving the momenta of the final state particles, while maintaining the simple
equivalent-photon approximation adopted here. Instead, the rapidity distributions presented in this paper provide
a reference point in the absence of absorptive corrections, and we refer to Refs. [20, 27, 31, 41] for a discussion of
these effects, and for more differential distributions in the case of J/ψ (and Υ) production. In principle, the methods
of these papers could be applied using the b-Sat dipole model for the amplitude A(γp → E + p), including proper
treatment of the photon polarisation, rather than relying on an extrapolation of HERA data.
VII. CONCLUSIONS
We have made predictions for the rapidity distributions of exclusive photoproduced J/ψ and Υ mesons, and Z0
bosons, expected at the Tevatron and LHC. We used the equivalent-photon approximation with the photon–proton
cross sections given by the impact parameter dependent dipole saturation model [2, 3]. The normalisation of the
J/ψ and Υ predictions has been adjusted to give the best description of the available HERA data. For the Z0 case
we cannot rely on existing data; however, the b-Sat model already describes well the similar process of DVCS at
HERA [3, 4]. We pointed out a crucial difference between the amplitude for DVCS and the amplitude for exclusive
Z0 photoproduction, and we have derived the wave functions for the case of a timelike Z0 boson or virtual photon.
We have given a simple parameterisation of the photon–proton cross sections for use in future studies, and we have
discussed the uncertainties inherent in our predictions.
Work is in progress on measurements of exclusive J/ψ and Υ production at the Tevatron [42]. Exclusive photopro-
duction processes will be important at the LHC, particularly if proton taggers are installed in the 420 m region [43].
Exclusive production of Υ mesons should be measured in the early days of LHC running, extending and improving the
existing data from HERA, and providing valuable constraints on the shape of the dipole cross section or generalised
gluon density [31, 44]. It is very unlikely that exclusive Z0 photoproduction will be observed at the Tevatron, and it
remains to be seen whether this process is observable at the LHC given the low event rate.
2 The results of Ref. [32] for Υ are also inconsistent with the dipole model calculations compared to HERA Υ data in Ref. [34].
3 In fact, an erroneous additional factor of 2π in Ref. [37] has since been discovered [38].
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APPENDIX: DERIVATION OF Z0/γ∗ WAVE FUNCTIONS
The dipole model approach has so far been used to describe processes with a photon or heavy boson having
negative or vanishing virtuality, q2 = −Q2 ≤ 0. In the case of Z0 photoproduction, γp→ Z0+p, or timelike Compton
scattering, γp→ γ∗ + p, it is needed to generalise the formula to the case of q2 =M2 > 0.
In the dipole model the light-cone wave function of the vector boson V is defined by elementary diagrams entering
the transition amplitude V (q) g(k) → q(p1) q¯(p2), where q, k, p1 and p2 denote the particle four-momenta. The
kinematics of this process at large energies in light-cone coordinates [for instance, p = (p+, p−,p), where p± = p0±pz]
are defined as
q = (q+,M2/q+,0), p1 =
(
zq+,
p21 +m
2
f
zq+
,p1
)
, p2 =
(
(1− z)q+, p
2
2 +m
2
f
(1 − z)q+ ,p2
)
, (A.1)
and k = p1 + p2 − q. The three polarisation vectors of the boson are
ǫ± = (0, 0, ǫ±) where ǫ± = ∓ 1√
2
(1,±i), (A.2)
and
ǫ0 =
(
q+
M
,−M
q+
,0
)
, (A.3)
where ǫ± and ǫ0 describe the transverse and longitudinal polarisations respectively. The calculation is performed in
the high energy limit, that is, in the limit where q+ is much larger than all other scales.
The vector boson wave function in momentum space may be obtained from a single Feynman diagram describing
the V (q) g(k)→ qf (p1) q¯f (p2) subamplitude (see, for example, Refs. [45, 46]) in which the gluon couples, for instance,
to the quark line:
Ψ˜λ1λ2λ (p, z) = iN
zq+ u¯λ1(p1) Oˆλ vλ2(p2)
(q − p2)2 −m2f + iǫ
, (A.4)
where p1 = −p2 = p , Oˆλ is a Dirac matrix characterising the coupling of the quark line to the incoming particle,
and the spinors are taken in the helicity basis. The normalisation factor N depends upon the convention: we will fix
it later on so that the wave functions obtained match the standard dipole model expressions for the virtual vector
boson with q2 ≤ 0. The factor zq+ in the numerator comes from the eikonal coupling of the gluon to the quark.4
Let us first analyse the case of the timelike virtual photon production with q2 = M2 > 0. For the photon, the
operator Oˆγλ takes the following form:
Oˆγλ = −ieefǫµλγµ. (A.5)
In the high energy limit, the matrix element u¯λ1(p1) Oˆγλ vλ2(p2) for transverse polarisations, ǫ±, does not depend on
the virtuality of the incoming photon, so this part of the wave function is the same for the spacelike and timelike
virtual photons. The virtual quark propagator, however, is sensitive to the photon virtuality. In the timelike case it
takes the form
(q − p2)2 −m2f + iǫ =
1
1− z
[−p2 −m2f + z(1− z)M2 + iǫ] , (A.6)
4 In the case of the gluon coupled to the antiquark, the numerator of (A.4) changes into −(1− z)q+, and the denominator into (q−p1)2−
m2f + iǫ, but the final result remains the same up to a minus sign that comes from the scattering part and not the wave function part.
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to be compared with the standard expression for the photon with q2 = −Q2 < 0:
(q − p2)2 −m2f + iǫ =
1
1− z
[−p2 −m2f − z(1− z)Q2 + iǫ] . (A.7)
In the spacelike photon case one defines a variable ε2 = Q2z(1− z) +m2f > 0. An analogous variable in the timelike
photon case reads ε˜2 = m2f −M2z(1− z) + iǫ, and its sign is not positive definite; for a large M/mf ratio ε˜2 will be
negative, except in the vicinity of the z end-points.
The wave function in coordinate space is obtained by taking the Fourier transform:
Ψλ1λ2λ (r, . . .) =
∫
d2p
(2π)2
exp(ip · r) Ψ˜λ1λ2λ (p, . . .). (A.8)
Using the standard identities: ∫ ∞
0
dp p
J0(pr)
p2 + a2
= K0(ar) for Re a > 0, (A.9)
and ∫
d2p p f˜(p) exp(ip · r) = −i ∂
∂r
∫
d2p f˜(p) exp(ip · r), (A.10)
and imposing the normalisation convention used in Refs. [2, 3] where a factor of 1/(4π) appears in the integration
measure, see (2), we find the expressions for the wave function of the transversely polarised virtual photon:
Ψλ1λ2λ=±1(r, z, Q) = −efe
√
2Nc
{±ie±iθr [zδλ1,±δλ2,∓ − (1− z)δλ1,∓δλ2,±]∂r + mfδλ1,±δλ2,±} K0(εr)2π (A.11)
for the spacelike photon, and
Ψλ1λ2λ=±1(r, z,M) = −efe
√
2Nc
{±ie±iθr [zδλ1,±δλ2,∓ − (1− z)δλ1,∓δλ2,±]∂r + mfδλ1,±δλ2,±} K0(ε˜r)2π (A.12)
for the timelike photon, where
ε˜ =


√
m2f −M2z(1− z) : m2f −M2z(1− z) > 0
−i
√
M2z(1− z)−m2f : M2z(1− z)−m2f > 0
, (A.13)
and where ∂rK0(εr) = −εK1(εr). Note that the signs of the various terms of (A.11) differ from the wave functions
given in Refs. [2, 3], but the result for the overlap function summed over all helicities is the same.
In the case of the longitudinal polarisation of the virtual photon the quark propagator is the same as above. The
vertex part, however, is now sensitive to the incoming photon virtuality q2. One obtains
z u¯λ1(p1) ε
µ
0γµ vλ2(p2)
(q − p2)2 −m2f + iǫ
=
√
z(1− z)
Q
p2 +m2f − z(1− z)Q2
p2 +m2f + z(1− z)Q2
δλ1,−λ2
=
√
z(1− z)
Q
[
1− 2z(1− z)Q
2
p2 +m2f + z(1− z)Q2
]
δλ1,−λ2 (A.14)
for the spacelike photon, and
z u¯λ1(p1) ε
µ
0γµ vλ2(p2)
(q − p2)2 −m2f + iǫ
=
√
z(1− z)
M
p2 +m2f + z(1− z)M2
p2 +m2f − z(1− z)M2 − iǫ
δλ1,−λ2
=
√
z(1− z)
M
[
1 +
2z(1− z)M2
p2 +m2f − z(1− z)M2 − iǫ
]
δλ1,−λ2 (A.15)
for the timelike photon. As usual, the factors
√
z(1− z) appearing in the wave functions of the initial and final state
are absorbed into the phase space integrations in the impact factor. The constant terms (equal to 1) in the square
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brackets cancel in the calculation of the impact factor due to gauge invariance (the contributions of the quark and
antiquark scattering enter the impact factor calculation with the opposite phase). It is now straightforward to obtain
the final results for the longitudinally polarised photon:
Ψλ1λ2λ=0 (r, z, Q) = efe
√
Nc δλ1,−λ2 2Qz(1− z)
K0(εr)
2π
(A.16)
for the spacelike photon, and
Ψλ1λ2λ=0 (r, z,M) = −efe
√
Nc δλ1,−λ2 2Mz(1− z)
K0(ε˜r)
2π
(A.17)
for the timelike photon.
In the case of the Z0 boson, the coupling to quarks contains both vector and axial-vector parts. The amplitude for
the Z0 → qf q¯f transition is described by
T (Z0(λ)→ qf q¯f ) = − ie
sin 2θW
εµλ u¯f [ g
f
vγµ − gfaγµγ5 ] vf , (A.18)
thus
OˆZ0λ = −
ie
sin 2θW
εµλ [ g
f
vγµ − gfaγµγ5 ], (A.19)
where uf and vf are the spinors of the quark and antiquark of the flavour f , and θW is the Weinberg angle. The
vector couplings are
gu,c,tv =
1
2
− 4
3
sin2 θW and g
d,s,b
v = −
1
2
+
2
3
sin2 θW , (A.20)
while the axial-vector couplings are
gu,c,ta =
1
2
and gd,s,ba = −
1
2
. (A.21)
It is natural to decompose the Z0 wave function into distinct vector and axial-vector parts:
Ψλ1λ2λ (r, z,M) = V
λ1λ2
λ (r, z,M)−Aλ1λ2λ (r, z,M). (A.22)
The analysis of the virtual photon case gives immediately the vector part of the timelike Z0 wave function:
V λ1λ2±1 (r, z,M) = −
egfv
sin 2θW
√
2Nc
{±ie±iθr [zδλ1,±δλ2,∓ − (1− z)δλ1,∓δλ2,±]∂r + mfδλ1,±δλ2,±} K0(ε˜r)2π , (A.23)
V λ1λ20 (r, z,M) = −
egfv
sin 2θW
√
Nc
M
δλ1,−λ2 2M
2z(1− z) K0(ε˜r)
2π
. (A.24)
The axial-vector part may be obtained in a similar way as the vector part; one needs to take into account that
γ5uλ = 2λv−λ (where λ = ±1/2). Thus, one gets
Aλ1λ2±1 (r, z,M) =
egfa
sin 2θW
√
2Nc
{−ie±iθr [zδλ1,±δλ2,∓ + (1− z)δλ1,∓δλ2,±]∂r ± mf (1− 2z)δλ1,±δλ2,±} K0(ε˜r)2π ,
(A.25)
Aλ1λ20 (r, z,M) = −
egfa
sin 2θW
√
Nc
M
{
δλ1,−λ2 2λ1
[
2M2z(1− z) + 2m2f
]− iδλ1,λ2e−i2λ1θr2mf∂r } K0(ε˜r)2π . (A.26)
The analogous formulae for the spacelike Z0 is obtained by the replacements M → −Q and ε˜→ ε, then one recovers
the formulae of Fiore and Zoller [10, 11] up to an overall factor of 1/
√
4π which in our case is included in the integration
measure rather than the wave function; see (2).
The contribution to Z0 photoproduction in the forward direction comes only from the vector part of the Z0 wave
function. This follows from the fact that the vector and axial-vector currents have opposite parity. Therefore, the
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overlap function for Z0 photoproduction (Ψ∗Z0Ψγ)
f
T follows from the expression for timelike Compton scattering
(Ψ∗
γ∗(M2
Z
)
Ψγ)
f
T after the appropriate coupling adjustment, eef → eg
f
v
sin 2θW
.
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